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Abstract

Introduction: Oxidative stress, an imbalance between the generation of oxidants and the avail-
ability of anti-oxidants, is associated with multiple pathological conditions. Plasma free thiol levels
reliably reflect the redox status, as the sulthydryl group (R-SH) is readily oxidized by oxidants.
Multiple studies have shown the potential of plasma free thiol levels as biomarker in various condi-
tions, such as inflammatory bowel disease. Current detection of free thiols is time-consuming and
laborious. In these thesis, first steps were taken towards the development of a microfluidic device
for point-of-care detection of free thiols using finger-prick blood.

Materials & Methods: The standard protocol for free thiol detection with 5,5-dithio-bis-2[2-
nitrobenzoic acid] (DTNB) described by Ellman was adjusted and applied to lower plasma samples.
A polymethylmethacrylate (PMMA) master mould was fabricated using micro milling for the repli-
cation of polydimethylsiloxane (PDMS) microfluidic devices, in which absorbance measurements
were performed. Trigger valves with different geometries were designed and tested. These trigger
valves were combined with passive micromixer structures to enable on-chip mixing of DTNB and
diluted plasma.

Results: Free thiol measurements of 6 uL plasma resulted in an average inter-coefficient of vari-
ation (CV) below 5% and an intra-CV below 11% (n=8). On-chip absorbance measurements
resulted in an intra-CV below 4% (n=6). The determined concentrations were comparable to the
values obtained with the standard protocol. Trigger valves were able to temporarily stop (at least
10 minutes) fluid flow using a pressure barrier. The current design of the mixing component does
not noticeably increase mixing efficiency and needs optimization.

Conclusion: Our results show the promising potential of microfluidic devices for the rapid deter-
mination of free thiols in small volume plasma samples. To achieve point-of-care testing, further
sample preparation steps need to be integrated on the microfluidic device such as plasma separation
and dilution.



Samenvatting

Introductie: Oxidatieve stress, een disbalans tussen de generatie van oxidanten en de beschik-
baarheid van anti-oxidanten, wordt geassocieerd met verscheidene pathologische condities. Plasma
vrij thiolen levels weerspiegel betrouwbaar de redox status, aangezien de sulthydryl groep (R-
SH) gemakkelijk geoxideerd wordt door oxidanten. Meerdere onderzoeken hebben de potentie van
plasma vrije thiolen levels laten zien als biomarker in verschillende ziektebeelden, zoals bijvoorbeeld
inflammatory bowel disease. De huidige detectie van vrije thiolen is tijdrovend en arbeidsintensief.
In deze thesis zijn de eerste stappen gezet voor het ontwikkelen van een microfluidic device voor
het point-of-care detecteren van vrije thiolen in vingerprik bloed.

Materialen & Methodes: Het standaard protocol voor het detecteren van vrije thiolen met
gebruik van 5,5-dithio-bis-2[2-nitrobenzoic acid] (DTNB) beschreven door Ellman is aangepast
en toegepast op lagere plasma volumes. Een polymethylmethacrylaat (PMMA) master mould is
gefabriceerd door middel van micro millen voor de replicatie van polydimethylsiloxaan (PDMS)
microfluidic devices, waarin absorptie metingen zijn uitgevoerd. Trigger valves met verschillende
afmetingen zijn ontworpen en getest. Deze trigger valves zijn gecombineerd met een passieve
micromixer structuren voor het on-chip mixen van DTNB en verdund plasma.

Resultaten: Vrij thiol metingen in 6 uL plasma resulteerden in een gemiddelde inter-coefficient
of variation (CV) lager dan 5% en een intra-CV lager dan 11% (n=8). On-chip absorptie metingen
resulteerden in een intra-CV lager dan 4% (n=6). De bepaalde concentraties waren vergelijkbaar
met de waardes verkregen met het standaard protocol. Trigger valves waren in staat om de vloeistof
flow tijdelijk te stoppen (tenminste 10 minuten). Het huidige ontwerp van de mixer verhoogt niet
zichtbaar de mixing efficiency en vraagt om verdere optimizatie.

Conclusie: De resultaten tonen het veelbelovende potentieel van microfluidic devices n voor de
snelle bepaling van vrije thiolen in plasma samples met een klein volume. Om point-of-care-testen
te bereiken moeten de andere stappen van het protocol geintegreerd worden, zoals plasma scheiding
en verdunning.
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1 Introduction

This master thesis is part of a project which is a collaboration between the University Medical
Center Groningen (UMCG) and the BIOS Lab on a Chip group from the University of Twente.
From the UMCG, people from different specialisations are involved: Pathology, Gynaecology, Gas-
troenterology and Hepatology and Clinical Chemistry.

Oxidative stress, an imbalance between oxidants and anti-oxidants, is a process extensively
studied in literature. Oxidative stress is proven to play a key role in a variety of diseases, e.g.
inflammatory bowel disease, cardiovascular disease, brain disorders and placental dysfunction.
Currently it is not technically possible to reliably quantify levels of oxidative stress at point-of-
care. Therefore, the ultimate goal of this collaboration is to develop a microfluidic device for
point-of-care testing of oxidative stress. During this thesis, first steps were taken towards the
design and fabrication of a microfluidic device for point-of-care testing of oxidative stress.

The work performed during this project was presented with an oral presentation at the Interna-
tional Conference on Oxidative Stress Reduction, Redox Homeostasis & Antioxidants (22-24 June
2022, Paris, France). The submitted abstract to this conference can be found in appendix A.



2 Background

2.1 Oxidative Stress

The redox status can be described as the balance between oxidants and anti-oxidants. [1] Oxidants,
such as reactive oxygen species (ROS), are continuously produced in the cell. The term ROS refers
to oxygen-centered free radicals and non-radical but reactive derivatives of oxygen. They are
chemically reactive molecules, which are necessary for multiple physiological processes such as
intracellular cell signalling, homeostasis, cell death and the immune defence against pathogens.
[2] They are produced by different pathways and released from several cell types. For example,
phagocytes produce and release ROS to neutralize invading particles. ROS are also a secondary
messenger in some major pathways of cell signalling, allowing the transduction of extracellular
stimuli into changes in cell physiology. [3] ROS is thus of importance in the body. However, if they
are present in excessive amounts this can result in damage to DNA, proteins, lipids and nucleic
acids, possibly leading to cell death or tissue destruction. To prevent excessive levels of ROS,
the human body is equipped with an anti-oxidant system to regulate the levels of these reactive
species. [2] Anti-oxidants are any species that delay, prevent or remove oxidants from causing
damage. The most important ones are considered to be urate, abundant proteins such as albumin
and ascorbate. [4] When an imbalance between the generation of oxidants and the availability of
anti-oxidants leads to an excess in oxidants, we speak of oxidative stress. As mentioned before,
this excess in oxidants leads to oxidative damage; biomolecular damage caused by the modification
by ROS. [5]

More and more studies are being published showing that an increase in oxidative stress can be asso-
ciated with multiple pathological conditions. An increase in ROS production has been described in
multiple cardiac conditions such as myocardial fibrosis, metabolic syndrome, cardiac hypertrophy,
heart failure and myocardial infarction. [6] Oxidative stress also plays a role in the pathogenesis
and progression of inflammatory bowel disease (IBD). [7] Furthermore, chronic inflammatory dis-
eases such as asthma, chronic obstructive pulmonary disease, psoriasis and rheumatoid arthritis
show increased oxidative stress at the site of inflammation. Neurodegenerative diseases such as
Alzheimer’s, Parkinson and amyotrophic lateral sclerosis are also associated with an increase in
oxidative stress. [3] An increase in oxidative stress may also predict pregnancy complications, such
as placental ischemia and preeclampsia. [8] This shows that oxidative stress could be an interesting
biomarker for the diagnosis and monitoring of various conditions.

2.2 Biomarkers of Oxidative Stress

A biomarker can be defined as a substance, structure or process that can be measured in the body
and influences or predicts the incidence, outcome or progression of disease. [9] Various biomarkers
of oxidative stress can be measured.

Direct measurement of oxidants would be the ideal method if it could be reliably mea-
sured. However, ROS and reactive nitrogen species (RNS) are highly reactive and thus unstable
compounds with a short lifetime. [3] This makes direct measurement of oxidants not reliable,
therefore other biomarkers of oxidative stress should be explored. [10]

Indirect measurement of oxidative damage is an alternative approach, where damage of
biomolecules that is caused by oxidants is quantified. By-products of ROS activity on biomolecules,
such as breakdown products of cell membranes, can be detected. These methods have their limita-
tions, as these break-down products are not specific for oxidative stress. They can also be produced
as the result of other processes. Protein and lipid damage can also be detected, however the in-
tensity of the oxidative stress measured indirectly is dependent on the type of oxidants released,
as each biomolecule is affected by another type of oxidant. Furthermore, measuring a single type
of molecule does not give a complete image of the total oxidative stress status. [3]

The anti-oxidant status displays the capacity to inhibit the transformation of a substrate
by oxidants. [3] As oxidative stress is an imbalance between the oxidant and anti-oxidant state,
measuring a decrease in the availability of anti-oxidants could be correlated to the extent of oxida-
tive stress. [2] The extracellular fraction of free thiols could be viewed as a systemic redox buffer,
as they are common targets of oxidants. Therefore, the level of extracellular free thiols is a reliable
reflection of the redox status as they display the anti-oxidant availability. [11] This makes them
an interesting biomarker, as reduced free thiol serum levels when compared with other oxidative
stress biomarkers more accurately reflect the systemic redox status. [12]



2.3 Free Thiols

Free thiols are an important target molecule for oxidants due to their nucleophilicity and reactivity.
[13] A thiol is a compound carrying a sulfhydryl (R-SH) group; a sulphur atom and a hydrogen atom
attached to a carbon atom. In the human blood, thiols are present as both low- and high molecular
weight thiols. The low molecular weight (LMW) thiols are mainly composed of glutathione, cysteine
and homocysteine, which are thiol-containing amino acids. The high molecular weight (HMW)
thiols are protein thiols, of which albumin is the most abundant. Free thiols can undergo an
oxidation reaction with oxidants and form disulphide bonds (Fig. 1). Therefore, thiols can be
present in the reduced (free) or oxidized (bound) state. Oxidized thiols are bound to another thiol
via a disulfide bridge. This can be between two equal thiols (symmetric disulfides) or two different
LMW thiols or a LMW thiol and a protein (mixed or asymmetric thiols). [12]

@-sH 2= @-s5-5-@

Figure 1: Oxidation of a free thiol to a disulfide bridge.

Compared to the intracellular compartment, plasma free thiols are considerably more oxidized and
present at much lower concentrations. In plasma, the average total free thiol level is between 400
and 600 pM. The LMW thiols account for only 12-20 pM, the most abundant part is accounted
for by protein thiols. Albumin is the most abundant protein thiol in plasma (600 M), which is
mostly present in the reduced form (75%). [13] Table 1 shows an overview of the most abundant
compounds contributing to thiol levels in plasma. Albumin consists of 17 disulfide bonds and
one free cysteine (Cys34), of which about 75% is reduced. [14] This makes Cys34, and therefore
albumin, the most important anti-oxidant scavenger in plasma; it contributes to 80% of the anti-
oxidant capacity. [15]

Table 1: Thiol levels in plasma. [13]

Species Concentration (uM)
Total Albumin 527-783
Reduced 422 + 52
Total Cysteine 202-281
Reduced 8.3-10.7
Total Homocysteine 6.5-11.9
Reduced 0.17-0.32
Total Glutathione 4.9-7.3
Reduced 2.0-5.1

2.3.1 Free Thiols as Biomarker

Many studies have focused on the relation between serum/plasma free thiol levels and disease
activity. Bourgonje et al. [16] concluded that serum free thiols are reduced in patients with IBD
and are superior to the golden standard (fecal calprotectin levels) when discriminating between
disease activity. Abdulle et al. [17] shows that serum free thiols predict the risk of cardiovascular
events and all-cause mortality. Schoots et al. [18] showed that pregnant women with severe fetal
growth restriction (FGR) and preeclampsia (PE) showed significantly reduced free thiol levels in
plasma. Relations have also been proven in e.g. renal failure [19], type 2 diabetes mellitus [20]
and neurodegenerative diseases such as Alzheimer’s and Parkinson [21]. These examples show the
potential of free thiols in serum and/or plasma as a biomarker for numerous diseases. Free thiols
are not only a promising biomarker for diagnosis, but also for monitoring of disease progression,
risk assessment and response to treatment.

2.4 Point-of-care Testing

The overcrowding of the hospital, in particular at the emergency department, is a major current
problem in the health care system. Overcrowding is associated with an increase in patient mortality
and also negatively affects other health care in the hospital. [22] Point-of-care testing (POCT)
could help address this problem. A point-of-care (POC) test is a simple test that can rapidly



provide diagnostic results near the patient. POCT enables more rapid clinical decision making
in the process of diagnosis, monitoring and therapy. [23] In addition to enabling rapid testing
and decision making, POCT could reduce the amount of hospital visits by enabling testing at the
general practitioner or even at home. [22] Furthermore, as POCT requires smaller sample volumes
than regular clinical tests, there is less discomfort for the patient. [24]

As stated before, oxidative stress plays a key role in multiple conditions. Therefore it could
be interesting for many applications to be able to rapidly determine the level of plasma free thiols
near the patient. For example, enabling at-home monitoring of IBD progression could decrease
the number of required hospital visits. However, POC determination of free thiol levels is not yet
possible. Current determination of free thiol levels requires the referral of a sample to a specialized
central laboratory. Besides the detection being time-consuming and laborious, the sample can also
degrade leading to ambiguous results.

2.5 Microfluidics

Microfluidic technologies are often applied for the development of POC diagnostics. Microfluidic
devices, also often called lab-on-a-chip (LOC) systems, are instruments that use small amounts
of fluids on a microchip to perform laboratory tests. [25] A LOC is a device that integrates
several analytical functions on a small single device. Processes which are normally performed in
a laboratory by trained personnel can be miniaturized on a single chip. [26] An ideal microfluidic
device for POCT is a ’sample-in-answer-out’ system, meaning that all sample preparation steps
and analysis are automatically performed on a single device. [23] Microfluidic devices offer many
advantages such as smaller sample volumes, low cost, reduction of human error, faster response time
and diagnosis, robustness, high sensitivity and fast turn-around times. It is possible to incorporate
the detection of multiple analytes in one sample, make them user-friendly and equipment-free. [25]
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Aim of Thesis

The aim of this project is to develop a microfluidic device to enable POCT of oxidative stress, by
measuring free thiol levels in human plasma.

3.1

Requirements device

To obtain POCT and ensure optimal translation from research to clinical setting, the following
requirements are set-out for the microfluidic device:

Affordable.

User-friendly; easy to use with minimal training.

Rapid read-out; for our device, we aim at a read-out within 30 minutes.
Robust.

No need for bulky external equipment.

Deliverable; available for end-users.

Easily obtainable, low volume sample; whole finger-prick blood.

Detection range of 200-800 uM free thiols in plasma (as the physiological range is 400-600
uM).

Sufficient (analytical) sensitivity; the smallest amount of substance in a sample that can
accurately be measured by an assay. The maximum allowed Limit of Detection (LoD) is set
at 100 puM.

Sufficient (analytical) specificity; the ability of a device to measure a particular substance,
rather than others, in a sample. The device should have no interference of other compounds
present in the sample.

Quantitative read-out.

Monolithic approach; all steps are performed on one device.

10



4 Literature Research: Detection Methods of Free Thiols

4.1 Detection Principles of Microfluidic Devices

Various detection principles can be used for the detection of biomarkers in microfluidic devices.
They all have their own disadvantages and advantages, depending on the application. The three
major types of microfluidic detection principles are 1) optical detection 2) electrochemical detection
and 3) mass-sensitive detection. [27] Optical and electrochemical methods are most frequently
utilized due to their selectivity and sensitivity. [28]

Electrochemical detection can be divided into amperometry, potentiometry and conduc-
tometry measurements. [28] The most frequently used biosensors are based on amperometry; a
current is generated in proportion to the concentration of the detected analyte. Potentiometry re-
lies on measuring a potential difference between two reference electrodes. Conductometry detects a
change in impedance, caused by a change in resistance. [27] Electrochemical detection is attractive
for microfluidic applications due to the versatility of size, geometry and nature of electrodes and
its easy integration. Furthermore, they have a fast response, high sensitivity, accuracy, low LoD,
good scalability and are low in cost. In contrast to optical detection, miniaturization generally
enhances the sensitivity and LoD of the measurement. [29]

Optical detection can be divided into two groups, depending on the property of light that is
detected. The most straightforward group relies on measuring a direct change in the light intensity
e.g. for absorbance, fluorescence or chemiluminescence detection. The more sensitive group relies
on inducing a change in the wavelength, phase or polarization in the light. [28] Absorbance
measurements are based on changes in optical density. With fluorescence, the intensity of the
emitted light is detected. [29] Optical detection can be off-chip; in which detection components
are not integrated within the microfluidic device, or they can be integrated in the devices (on-
chip). [30] Optical detection is popular due to easy incorporation of microfluidic devices into
conventional optical devices, as no interconnection is required between the detector unit and the
microfluidic device. Another advantage of optical detection is that only photons are involved in
optical detection, thus minimal disturbance is caused to the sample matrix. The key challenge
with optical detection in microfluidics is the short path length of microchannels, especially when
performing absorbance measurements. [31]

4.2 Electrochemical Detection of Free Thiols

As mentioned above, electrochemical detection is an attractive detection method to integrate in
microfluidic devices, due to its great scalability. However, electrochemical detection of thiols is
a challenge due to their poor voltammetric behaviour at solid electrodes. To acquire sufficient
sensitivity (low LoD), large overpotentials are required. This high potential can result in responses
from other oxidisable species present in the sample, compromising the analytical specificity. Human
plasma contains many species that may be redox active or interfere with the measurement. [32]
Furthermore, passivation of the electrode surface occurs. [33] Multiple studies have been performed
studying solutions to avoid the need of large overpotentials and thus enable the detection of free
thiols in complex biological solutions.

Various studies use electrocatalysts, either immobilised on the electrode surface or added
to the sample, to lower the potential. Gracheva et al. [34] utilizes quinone naphthoquinone to
react selectively with free thiol groups in plasma, which results in a drop in electrode potential.
The selective nucleophilic addition of thiols to the quinone indicator results in the production of
quinone-thiol conjugates. This alters the redox balance, which can be detected at a screen-printed
electrode assembly. However, electrode fouling is still an issue and a high dilution of the sample
is utilized in the study (50 pL plasma to 10 mL buffer), resulting in high sample volumes. Inoue
et al. [35] incorporates the coenzyme pyrroloquinoline quinone (PQQ) into the electrode to lower
the required potential. However, PQQ is reported to be involved in many enzymatic reactions and
could therefore also react with other nucleophilic substances found in plasma. Ascorbic acid and
uric acid, both normally present in plasma, were proven to interfere with the detection method.
Lawrence et al. [33] utilized catechol as an electrochemical indicator for the detection of thiols,
however experiments were only performed in culture media and not in human plasma or serum.

Electrochemical detection can also be combined with a separation method, such as chro-
matography, to reduce the interference of the other species present in plasma. Chromatography
combined with electrochemical detection is often used for the determination of electroactive com-
pounds in mixtures. However, this adds an extra step to the microfluidic device and is therefore
not ideal. [36]
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Other studies utilize mercury-based electrodes. Thiols interact with these electrodes to
form stable mercury-thiolate complexes. After a given deposition period, a negative electrode
potential is used to reduce metal ions to metal. The resulting peak current can be correlated to
free thiol levels. This technique enables detection at a less positive potential. [32] However, this
approach requires an initial separation method to be able to determine thiol levels in complex
biological samples. [35]

4.3 Optical detection of free thiols

Absorbance measurements are easy, quick, cost-effective and straightforward. The challenge
lies with obtaining sufficient sensitivity and low LoD, as a decrease in path length lowers the
sensitivity. For the absorbance measurements of free thiols, DTNB (Ellman’s reagent) is frequently
utilized. DTNB reacts with free thiols and forms 2-nitro-5-thiobenzoic acid (TNB), which is a
measurable yellow-colored product with a maximum absorption at 412 nm. [37] No microfluidic
devices have been developed which utilize Ellman’s reagent to detect free thiols in plasma. However,
Supharoek et al. [38] fabricated a polydimethylsiloxane (PDMS) chip with a light emitting diode
(LED) as light source and light dependent resistor (LDR) as light sensor. The concentration of
glutathione in dietary supplement samples was successfully determined after the reaction with
DTNB. Researchers at the UMCG also utilize DTNB for the detection of free thiols in serum and
plasma samples. 20 pL of 1.9 mM DTNB is added to 90 pL 1:4 diluted serum in a 96 wells plate,
after which absorbance measurements are performed.

Indirect detection of free thiols is also possible with absorbance measurement, e.g. with the use
of nanoparticles. Ghasemi et al. [39] makes use of the fact that free thiols show a strong affinity
with noble metal nanostructures (e.g. gold/silver). Gold Nanoparticles (AuNPs) are plasmonic
nanomaterials; they have shape and size-dependent optical properties. Free thiols bind to the
surface of these AuNPs and induce aggregation, thereby changing their colour. However, this
technique is not suitable for HMW thiols, as steric hindrance decreases interaction between HMW
thiols and the AuNPs. Xu et al. [40] utilizes the fact that Hg?** ions induce aggregation of
AuNPs. Biothiols bind to Hg2+ and therefore prevent the aggregation of AuNPs. However, H g?*
also binds to disulfide bridges in albumin, this method is therefore only suitable for LMW thiols.

Fluorescence-based biosensors make use of fluorescent probes that directly or indirectly
measure the free thiol content. Fluorescence-based sensors are often highly sensitive with a low
LoD. Current research is performed to fabricate tools to enable POC fluorescence measurements.
[41] Multiple studies have been performed exploring fluorescent probes for the detection of thiols,
both with a direct and indirect approach. However, only few studies focus on the detection of
HMW thiols next to LMW thiols. Sun et al. [42] utilizes a fluorescent Naph-EA-mal probe,
with a maleimide as a thiol acceptor. The probe shows high selectivity and fast response toward
thiols in aqueous solutions. Hu et al. [43] utilized carbonaceous nanospheres loaded with silver
nanoparticles (AgNPs) as carriers. Reporter dyes are attached to the surface of AgNPs, due to
a place-exchange process with free thiols the reporter dyes are released into the solution, which
increasing fluorescence intensity can be measured and correlated to free thiol concentration.

Table 2: Summary of electrochemical detection methods of free thiols.

Technique Matrix Analyte LoD & Linear range
Electrocatalyst; naphthoquinone, | Human plasma | Total free thiols 0.4 uM (0.4-100 M)
potentiometric detection [34]
Electrocatalyst; Borate buffer & Cysteine 63.7 nM
pyrroloquinoline quinone, Dietary supp- Homocysteine 447 nM
amperometric detection [35] lement N-acetylcysteine 2.62 nM
Glutathione 1.32 nM
Electrocatalyst; catechol, Culture media Cysteine 6 uM (12-50 uM)
potentiometric detection [33] Glutatione 7 uM (6-59 uM)
Homocysteine 1 pM (11-53 pM)
Liquid Chromatography Buffer Cysteine 3.8 uM (10-100 pM)
coupled to Glutathione 3.9 uM (10-100 M)
amperometry [36] Dithiothreitol 3.4 uM (5-50 pM)
Albumin

12



Table 3: Summary of optical detection methods of free thiols.

Technique Matrix Analyte LoD & Linear Range
Absorbance: Dietary supp- Glutathione 32 nM
DTNB on-chip [38] lement
Absorbance: gold Human plasma Cysteine 0.5 uM
nanoparticle aggregation [39] Glutatione 10 M (200-800 pM)
Absorbance; Urine Glutathione 17 nM(0.025-2.28 pM)
Hg2+ mediated gold Cysteine 9 nM (0.035-1.53 uM)
nanoparticle aggregation [40] Homocysteine 18 nM (0.040-2.20 puM)
Fluorescence: Tris-HCL, Albumin —
Naph-EA-mal probe [42] Lysed cells Cysteine 2.21 nM
Fixed cells Homocysteine 3.31 nM
Glutathione 3.54 nM
Fluorescence; nanospheres | Sodium acetate buffer Cysteine 0.2 uM (0.2-10 pM)
loaded with silver Glutathione 20 nM (0.02-1 pM)
nanoparticles carrying Bovine Serum Albumin | 20 ug/mL (20-500 pg/mL)
reporter dyes [43] Dithiothreitol 20 nM (0.02-1 pM)

4.4 Conclusion

Table 2 & 3 summarize the studies mentioned in section 4.2 & 4.3. Based on this literature re-
search, an optical approach is chosen for the design of the microfluidic device, namely absorbance
measurements. Studies utilizing electrochemical approaches show low LoD’s, however all studies
still have uncertainties. They have not been tested in plasma/serum, on albumin or show interfer-
ence of plasma components. DTNB is widely used for the detection of free thiols in plasma and is
proven to be a reliable method. It is currently used at the UMCG. The major concern is to achieve
sufficient sensitivity and a low enough LoD, as miniaturization of absorbance measurements leads
to a decrease in sensitivity. If this problem arises, the use of nanoparticles or fluorescent probes

can be explored to increase the sensitivity of the method.
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5 Scope of Thesis

To achieve POCT, a device should be designed which is sample-in-answer out. The detection
method of the microfluidic device will be based on the protocol as currently used in the UMCG,
utilizing DTNB for the detection of free thiols. Therefore, the following steps should be incorpo-
rated into the microfluidic device:

1. Separation of whole finger-prick blood to plasma.
2. Dilution of plasma with 0.1 M Tris buffer, pH 8.2 (1:4 ratio).
3. Mixing of diluted plasma with 1.9 mM DTNB (4.5:1 ratio).

4. Filling of a reservoir with sufficient path length to enable absorbance measurements.

Figure 2 schematically shows the steps to be incorporated into the device. This thesis focuses
on the last two steps of the protocol; the mixing of diluted plasma with DTNB and subsequent
absorbance measurements. First, the thiol detection method using DTNB is miniaturized to sample
volumes suitable for microfluidic devices. Based on these volumes, a microfluidic device will be
designed with detection reservoirs, enabling on-chip absorbance measurements. At last, mixing of
the diluted plasma with DTNB will be incorporated into the microfluidic device. Therefore, the
final inlet sample will be diluted plasma.

ot Plasma Mixing with Absorbance
ST SE LRI dilution DTNB measurement

Figure 2: Steps to be incorporated into the microfluidic device.
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6 Theory
6.1 Absorbance

Absorbance is a measurement of the quantity of light that is absorbed by a sample. Absorbance
does not have a true unit, however it is often reported in ’Absorbance Units’ (AU). [44] The
absorption of light in a solution is dependent on the concentration (c) of the dissolved molecule,
the specific molar extinction coefficient (€) at a defined wavelength and the path length (1). This
relation is given by the Lambert-Beer’s law [45]:

A= loglo(@ =e€lc (1)
I)

A spectrometer measures the intensity of light that passes through a sample (I) and compares
it to the intensity of the incident light (Iy). The ratio I/Ij is called the transmittance, frequently
expressed as a percentage. The more compound present in the sample, the lower the transmittance
and the higher the measured absorbance. Light that is not detected at the detector, can be scattered
or absorbed. The scattered part is determined by measuring blanks/background samples. These
values are subtracted from the sample, before determining the concentration.

Absorbance measurements are most frequently performed using cuvettes with a fixed length
(1 cm). However, when absorbance measurements are performed in a microplate, the path length
differs per used volume, as depicted in figure 3. Additionally, different solutions can have different
meniscus shapes and therefore different path lengths while being of the same volume.

A B

Ia Iy
d I
]
o

Figure 3: A) Absorbance measured in a microplate well B) compared to a fixed path length in a
cuvette. Reprinted from [46]

With known extinction coefficient and path length, the concentration of a sample can be cal-
culated using the measured absorbance via ¢ = A /('€ * 1). [47] The molar extinction coefficient
represents the capacity of a substance to absorb light of a specific wavelength. It is therefore a
substance- and wavelength dependent value. Studies have shown that the molar extinction coef-
ficient of TNB is 14,150 M~! cm™! at 412 nm. This coefficient is not affected by changes in pH
between 7.8-8.6. [48] The Lambert-Beer law can only be used for the determination of the concen-
tration when; 1) the compound to detect absorbs light at a specific wavelength, 2) the path length
is known, 3) the molar extinction coefficient is known and 4) the absorbance of buffer reagents do
not overlap with absorbance wavelength of the compound.

Particles or other compounds present in the sample that interact with light will affect the mea-
sured absorbance value and therefore disturb the measurement. In addition, particles suspended in
solution will move around and even more increase the variability of the measurements. Therefore
it is important to remove particles from measured solutions, this can be achieved by e.g. centrifug-
ing. In the same way, air bubbles will increase the measured absorbance values, and are therefore
unwanted. [49]
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6.1.1 Calibration curve

Concentration of samples can also be determined using a calibration curve, a curve which shows the
change in the output of an analytical instrument towards different concentrations of the compound.
Known concentrations are plotted against their corresponding absorbance values. Linear regression
gives an equation in the shape of y = ax + b, in which a is the slope, x is the measured concentration
value, b is the intercept and y is the measured absorbance. Therefore, the concentration of the
sample can be calculated with [50]:

e=¥0 2)

6.1.2 DTNB

As mentioned in the literature study, DTNB is often used for the detection of free thiol levels.
DTNB has an oxidizing disulfide bond that is reduced in the presence of free thiols, releasing
one molecule of 5-thio-2-nitrobenzoic acid (TNB™), as depicted in figure 4. TNB™ ionizes to the
TNB~2 dianion in water at neutral and alkaline pH. TNB~2 is a yellow coloured product with a
maximal absorption at 412 nm. The reaction is stoichiometric; the presence of one mole of thiol
will lead to the release of one mole of TNB. DTNB is suitable for free thiol detection, as it reacts
specifically with sulfhydryl compounds, has a high molar extinction coefficient, is water-soluble and
has a short-reaction time. Therefore the free thiol concentration in a sample can be determined
by measuring the absorption at 412 nm before and after addition of DTNB. [51]

thiol colorless DTNB mixed disulfide yellow TNB

0 NO, NO, NO,

J - -

R-§ ~ 'O‘J\/O/S“S r'o - R’S‘S/CET?O' s i
ON 0 0 o}

Figure 4: Reaction of DTNB with a free thiol. Reprinted from [52]

6.2 Capillary-driven microfluidics

To design a POC device, no external pumping equipment should be required for the operation
of the device. The device should be portable and easy to use. Capillary-driven microfluidics are
devices which work on the principle of capillary action without requiring any external mechanisms,
making it very interesting for POC devices. Capillary pressure can act as both an opposing and
driving force, enabling fluid manipulation inside the device when playing with the dimensions and
wettability of the channels. [53]

6.2.1 Capillary Pressure

Capillary pressure (P.) is based on the surface tension of a liquid and the wettability and geometry
of the channel. The capillary pressure arises at the liquid-air interface in a microchannel as a result
of surface tension of the liquid and the contact angles between the liquid and the channel walls. The
Young-Laplace equation [54] gives the relation between the contact angle, microchannel dimensions
and capillary pressure and can be expressed for a rectangular microchannel as follows:

cos(0,t) + cos(0,b) . cos(0,1) + cos(6,r)
h w

P.=— ] (3)
Where P, is the capillary pressure, « is the surface tension of the liquid, h is the channel height,
w is the channel width and 6,, 6,, 0;, 0, are the contact angles of the liquid with respectively the
top, bottom, left and right channel walls (see Fig. 5). The Young-Laplace equation shows that as
the microchannel dimensions decrease, the capillary pressure increases. Therefore, when altering
the dimensions of a microfluidic channel, you can adjust the capillary pressure and subsequently
the flow within the device. Very high capillary pressures can be obtained in channels of small
dimensions, increasing the pull on the liquid. In microchannels with low height-to-width ratios, the
flow is driven primarily based on the interaction of the liquid with the top and bottom microchannel
walls. [54]
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Figure 5: Liquid filling of microchannel. Reprinted from [54]

6.2.2 Contact angle

A surface is wettable when the contact angle of liquid on that surface is lower than 90 degrees.
These materials are described as hydrophilic; they have affinity for water and are easily wetted.
Hydrophobic materials have no affinity for water and are not easily wetted, therefore having contact
angles with aqueous fluids larger than 90 degrees. [55] When a microchannel is fabricated of
wettable surfaces, a concave liquid-air interface is generated and a negative capillary pressure
is present that will suck the liquid into the channel. Contact angles lower than 60 degrees are
preferred to ensure sufficient filling of the channels. When contact angles approach 90 degrees, a
single imperfection in the microchannel can alter the contact angle and disrupt the flow. Therefore,
contact angles lower than 60 degrees are preferred to ensure sufficient filling of the channels. [54]

PDMS is often used for the fabrication of microfluidic devices due to its optical properties,
easy fabrication and tunable surface properties. [56] However, PDMS is naturally hydrophobic
and therefore not suitable for capillary-driven microfluidic devices. Therefore, plasma treatment is
used to produce usable hydrophilic PDMS substrates with a contact angle below 60 degrees. [57]

6.3 Trigger Valves

Trigger valves are structures that enable flow stoppage and subsequent liquid release, using only
capillary pressure. Due to a sudden change in the liquid front meniscus, the capillary pressure will
decrease and possibly (temporarily) stop the fluid flow. No external equipment is required for this
valve, it is solely based on a change in capillary pressure. This makes this type of valve attractive for
POC applications. [58] For microfluidic applications, it is important that there is accurate control
of liquid flow, ensuring that multiple reagents reach the reaction or mixing structure simultaneously.
Trigger valves ensure that fluids will only enter the detection chamber/mixing component, when
both fluids are present in the device. This prevents inaccurate mixing or different ratios of mixing
per device. These trigger valves also prevent bubbles from being created. [55]

This change in capillary pressure can be achieved by either altering the channel dimensions
or wettability. Changes in wettability, and thus contact angle, can be achieved by hydrophilic
and hydrophobic patterning. This approach is less attractive due to the addition of an extra
step to the fabrication process of microfluidic devices. The second approach, altering the channel
dimensions, often relies on a sudden expansion of the microchannel. This changes the radius of the
meniscus curvature, decreasing the magnitude of the capillary pressure. This approach is easier
in fabrication, as no special surface treatment is necessary. [55] When altering the dimensions
of the channel, consequently the capillary pressure is altered, as the capillary pressure is scaled
proportional to the inverse of the smallest dimension. The sudden increase in cross section will
make it energetically unfavorable for the liquid to flow into the wide channel. Therefore, by
drastically increasing the dimensions, a pressure barrier can be created which stops the fluid. [54]
The incorporation of trigger valves in POC devices enables a walk-away format; the user can pre-
load samples and reagents and subsequently start the assay at a time of their choosing, without
any pressure of strict time windows.

Chen et al. [59] gives the following formula for the 3D model of the pressure barrier dP created
by a sudden expansion:

Qi 8N

2. w cosf, — 2wl
dP = —[(——)cos0. + _ SN 4
w . h) ‘ (—cosﬁ + 7;::;5” (Simi— — cosay) ) )

Where w is the width of the channel, h is the height of the channel, 6. is the contact angle of
the fluid with the channel, «,, is the circular arcs angle in width directions and f is the angle of
expansion. When S is equal to 90 degrees, a,, = 60..
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Figure 6: Sudden expansion of a microchannel, showing the angle of expansion (3), the contact
angle (6.), the circular arc angle in the width direction («,,) and the width of the channel (w).
Reprinted from [55]

6.3.1 Two-level trigger valves

The first trigger valves (one-level trigger valves) designed were based on the junction of two mi-
crochannels (fig 7A); fluids are stopped at the junction until all microchannels are filled. However,
these structures were not reliable, prone to spontaneous leaking and required very high aspect
ratios (h/w = 12.5) and small dimensions.

To increase the reliability of the valves, two-level trigger valves were developed (fig 7B). [54] A
narrow channel intersects a deeper channel, expanding both in vertical and horizontal direction.
This is in contrast with the one-level trigger valves, which only expand horizontally (in width). The
fluid in the narrow channel can be triggered by flowing a liquid through the deep channel, enabling
mixing. [58] Two-level trigger valves can be designed with larger dimensions when compared to
one-level trigger valves, reducing fabrication constraints. [54] Multiple studies utilize a hydrophobic
PDMS cover to increase the efficiency of the trigger valve, as it prevents creeping of the liquid along
the top. [58]

Olanrewaju et al. [60] studied the fabrication of trigger valves using 3D printing and PDMS
replication, as most of the two-level trigger valves studied are fabricated in the clean room with
small dimensions. They were able to fabricate trigger valves with dimensions up to 80 times larger
than cleanroom fabricated ones. They studied different geometries of trigger valves and concluded
that a height difference of minimally 300 um is needed to ensure a 100% success rate of the valve.
They observed that channels with low (<1) or high (>5) height-to-width ratios resulted in leaking
of the valve. They tested up to a height of 1 mm for the narrow channel. They use a hydrophobic
PDMS cover to prevent creeping of the fluid along the top surface.

A) one-level trigger valve  B) two-level trigger valve

Liquid 1 Liquid 2
q \\_] ~ua
/K/
Liquid 1 Liquid 2
b paevon
>

Figure 7: A) one-level trigger valve B) two-level trigger valve. Adjusted from [55]
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6.4 Microfluidic Mixing

For many microfluidic applications in diagnostics, mixing is an important step. It is of importance
that when measuring free thiols with DTNB, the diluted plasma and DTNB sufficiently mix.
However, mixing is a challenge in microfluidics due to the small dimensions and therefore laminar
flow.

6.4.1 Reynolds number

The Reynolds number (Re) predicts the flow patterns of fluids, as it is the ratio of inertial forces
to viscous forces. Low Re represent laminar dominated flows, high Re represent flows that tend
to be turbulent. The Reynolds number for flow in a channel can be calculated with the following
formula:

_ oL
= (5)

Where p is the density of the fluid, v is the flow velocity, L is the characteristic length and g is the
dynamic viscosity of the fluid. [61] The characteristic length is defined as A/P,, where A is the
cross-sectional area of the channel and P,, the wetted perimeter at the cross section. [62]

When a channel has small dimensions, as is the case in microfluidics, Re will be low and
therefore the flow is dominated by laminar flow. Thus, mixing occurs primarily due to diffusion,
which is a slow process. This explains why mixing is a challenge in microfluidics, as mixing occurs
over short distances. [63]

Re

6.4.2 Microfluidic Micromixers

A great number of studies have been performed studying approaches to enhance the mixing effi-
ciency in microfluidics. Microfluidic mixing approaches can be divided into two major categories;
active and passive mixing.

Active mixing requires an external energy source to accelerate the diffusion process e.g. pressure
gradients, electrical voltages or integrated mechanical mixing elements. They frequently require
an external power source/equipment and tend to be harder to fabricate. This makes them less
attractive for POC applications compared to passive micromixers. [64]

Passive micromixers require no external energy source and are therefore suitable for POC
applications, they mostly rely on increasing the contact area and contact time between fluids. [63]
Passive mixing is obtained through alterations in the structure, surface properties or configuration
of microchannels. The mixing structure is incorporated into the device during fabrication and does
not require any action from the user, making them less expensive and more convenient than active
micromixers. There are multiple approaches possible to achieve passive mixing. [65]

6.4.3 Passive micromixers

The most basic micromixers are T- and Y-shaped channels, which bring together two different
fluids in a larger channel. Mixing solely depends on diffusion in these configurations, therefore
mixing is slow and requires a long mixing path. This traditional design can be improved by
splitting and combining the streams at multiple points, increasing the contact area between the
two fluids. [65] Another approach is the use of serpentine or twisted channels. This approach is
suitable for fluid streams at moderate Re, but inefficient at low Re (1-40). [66] These geometries
generate cross-sectional flows and induce chaotic advection, due to twisting of the interface between
the two fluids [67]. Chaotic advection can also be achieved using patterned grooves or ridges,
which induce rotational flows. Staggered herringbone mixers are used frequently, they consist of
a repeated pattern of grooves on the bottom of the microchannel. These grooves are composed of
two rectangles with different lengths; the short one spans one-third of the channel and the longer
one two-third of the channel. The angle between the two intersecting grooves is set at 90 degrees
in most designs. One mixing unit consists of two sets of herringbone grooves, the two sets are
mirrored across the centerline of the channel, to increase the chaotic advection. [61] The number
of grooves per half unit varies between 4 and 6. [68] Various other approaches are possible, such as
the incorporation of embedded barriers, slanted wells or adjustments in surface chemistry such as
hydrophobic patterning. However, these approaches make the fabrication process more complex,
increasing the costs of the device. [63]
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7 Materials & Methods

7.1 Off-chip method validation
7.1.1 Standard Protocol DTNB

The exact protocol as used at the UMCG for free thiol detection can be found in appendix B.
Plasma samples were diluted 1:4 with 0.1 M Tris buffer (pH 8.2) (Merck KGaA, Darmstadt, Ger-
many). 90 pL of diluted plasma samples were pipetted into a 96 wells plate (Greiner) in triplo.
After measuring background absorption at 412 nm with a reference measurement at 630 nm, 20 pL
1.9 mm DTNB (SigmaAlderich Chemie GmbH, Steinheim, Germany) in 0.1 M phosphate buffer
(pH 7) was added to the samples. Absorbance was measured again after incubation time of 20
minutes in the dark at room temperature using a plate reader (SpectraMax ID3). Concentrations
were determined by parallel measurement of a L-Cystein (SigmaAlderich Chemie GmbH, Stein-
heim, Germany) calibration curve (15.625 to 1000 yM final concentrations) in a 0.1 M Tris, 10
mM EDTA solution (pH 8.2) (Serva, Heidelberg, Germany). Absorbance values were corrected by
subtracting the reference measurements at 630 nm from the 412 nm measurements, after which
the background measurements were subtracted from the DTNB measurements.

7.1.2 Sample miniaturization

To be able to perform the detection of free thiols on a microfluidic device, a lower sample volume
is required than the 90 pL 1:4 diluted plasma used in the standard protocol.

First, experiments were performed on PBS spiked with L-Cystein. 1 mM L-Cystein in PBS
was serially diluted to obtain final concentrations (15.625-1000 pM). 4 pL, 6 pL and 10 pL sample
were 1:4 diluted in 0.1 M Tris buffer (pH 8.2) to obtain respectively volumes of 16 uL, 24 pL and
40 pL. These volumes were added in triplo for each concentration and volume in a 384 wells plate
(Nunc). The same protocol as described in section 7.1.1 was followed for the determination of free
thiol levels, DTNB volumes were adjusted to maintain similar ratios. The exact protocol can be
found in appendix C.

After successful finalization of this experiment, experiments were performed on small volumes
of plasma. Plasma samples with known thiol levels were provided by the UMCG. Plasma samples
were stored at -80 degrees before use, maintaining the thiol levels. Again samples of 4 uL, 6
pL and 10 pL were used after 1:4 dilution in 0.1 M Tris buffer (pH 8.2). The volume with the
smallest variation and compatible LoD and Limit of Quantification (LoQ) was used for a larger
scale experiment; 8 x 384 wells plates were filled with 6 diluted plasma samples, again following
the protocol as outlined in appendix C.

7.1.3 Colorimetric Detection

A L-Cystein standard curve (15.625-1000 pM), a 1:4 diluted L-Cystein standard curve (15.625-1000
uM) and two 6 pL 1:4 diluted plasma samples in 0.1 M Tris buffer (pH 8.2) were pipetted in triplo
into a 384 wells plate, all with a total volume of 24 uLL per well. Free thiol levels for all samples were
determined using the protocol as outlined in appendix C. Images of the wells were taken before
and after the addition of DTNB using the EVOS microscope (EVOS m5000, Invitrogen, Thermo
Fisher Scientific, Massachusetts, USA) (amplification 4x). ImageJ was utilized to calculate the
mean intensity of each well. The mean intensity was plotted against the free thiol levels of the
samples.
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7.2 On-chip absorbance measurements

After the method was validated off-chip, a microfluidic device was designed to perform on-chip
absorbance measurements. The design of this first microfluidic device was focused on solely facili-
tating the absorbance measurements. Sample preparation steps such as mixing of the plasma with
DTNB, plasma dilution and plasma separation were all performed off-chip.

7.2.1 Determination of path length

The Lambert-Beer Law states that the path length is an important factor when measuring ab-
sorbance. When performing absorbance measurements in well plates, the path length differs greatly
per used volume. Therefore, it is important to know the path length of the sample volume used
in previous experiments, as this path length should be utilized for the design of the microfluidic
device. Path length can be calculated using a mathematical approach (calculating the height of the
sample from the known dimensions of the well and the volume) or with the water peak correction
method. The latter method is chosen, as this method corrects for pipetting errors and the shape
of the fluid menisci. In addition, no assumptions of the well geometry are made.

Water is transparent from 200 to 900 nm, however in the near infrared (NIR) a distinctive
absorption peak is visible near 977 nm. When measuring the absorption of water (A,cference) for
a path length of 1 cm at 977 nm, the path length can be determined from the measured absorbance
of a water sample (Agqmpie) With unknown path length. Due to the absorption of water being
temperature dependent, sample measurements may be subject to error if there are fluctuations
in the temperature. To avoid this error, a reference measurement was conducted at 900 nm and
deducted from the absorption at 977 nm. The following equation was used to calculate the path
length (dsqmpie) of the aqueous sample [46]:

(Ag77 — Ag00)sample « lem (6)

dsam =
ple
(A977 - A900)refe7'ence

29.34 pL of 0.1 M Tris buffer (pH 8.2) was pipetted into the wells in triplo, after which the
absorbance was measured at 900 nm and 977 nm using the plate reader.

7.2.2 Design Chip Holder

A chip holder was designed using SolidWorks (Fig 8), to be able to perform on-chip absorbance
measurements using the plate reader. The chip holder was designed to resemble the dimensions
of a Nunc 384 wells plate. A cut-out is fabricated in the holder, to ensure that the reservoirs of
the microfluidic device are located at the precise location where normally measurements on wells
are performed. The cut-out is designed to fit a microscopic glass slide (25 mm x 75 mm), with a
marge of 2 mm on all sides. An edge of 4 mm is present on all sides for the chip to rest on. The
depth of a Nunc 384 well plate is 11.7 mm, therefore the chip holder is designed to hold the chip
at a depth of 12.7 mm, compensating for the 1 mm height of the microfluidic glass slide. Detailed
drawings of the chip holder design can be found in appendix D.

Figure 8: 3D View of chip holder design in SolidWorks.
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7.2.3 Design Master Mould

A positive mould was designed in Solid Works for the fabrication of PDMS microfluidic devices. The
PDMS device fabricated with this mould contains 7 reservoirs which serve as detection chambers
for the absorbance measurements. The reservoirs have a height of 3.06 mm, corresponding to the
calculated path length. Appendix E shows the initial design of the master mould, this design was
adjusted to obtain the design presented here. The initial design did not contain an outlet, resulting
in problems with complete filling of the reservoirs and creation of air bubbles in the reservoirs.
Air bubbles greatly affect the absorbance measurements, as they reflect light. Furthermore, the
rectangular reservoirs were transformed to cylindrical reservoirs, eliminating the sharp edges which
could also play a role in air bubble formation. Figure 9 shows the final design of the master mould.
Reservoirs 1, 2, 3 and 4 have a height of 3.06 mm, as calculated with water peak correction. To
study if absorbance measurements using a lower path length are feasible, reservoirs 5, 6 and 7 with
a height of 2 mm were added to the mould. To study the effect of channel height on air bubble
formation, various channel heights were incorporated in the mould. The channels of reservoir 1
and 2 have a height of 3.06 mm, matching the height of the reservoirs. The channels of reservoir 3
and 4 have a height of 2 mm. Channels of reservoir 5 and 6 have a height of 2 mm, matching the
height of the reservoirs. The channels of reservoir 7 have a height of 700 pm. All channels have
a width of 1 mm. The in- and outlet have a diameter of 0.75 mm, allowing entrance of a micro
pipette tip.
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Figure 9: 3D View of master mould design in SolidWorks.

7.2.4 Fabrication

Master Mould

The commercially available software SolidWorks was used to design a master mould. This design
was then fabricated by micromilling. The SolidWorks file was loaded in the milling machine, after
which the program controlled the mill. A polymethylmethacrylate (PMMA) substrate was placed
in the milling machine, from which the mill removed material based on the loaded file to create
the master mould. After milling, the mould was cleaned using isopropyl alcohol (IPA) and rinsed
with distilled water.

PDMS Devices

PDMS prepolymer and curing agents were mixed in a 10:1 ratio and degassed by placing the
uncured polymer solution in the desiccator for 30 minutes. The mixture was poured in the master
mould, after which the mixture was degassed again for 30 minutes. The mixture was then cured
for a minimum of 2 hours at 60 degrees. The PDMS replicas were peeled off the mould, inlets and
outlets were punched with a 0.75 mm punch. The PDMS replica and a microscopic glass slide were
rendered hydrophilic in the plasma oven (CUTE, Femto Science, Besancon, France), after which
they were bonded. Bonding was completed after 20 minutes in 60 degrees.
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7.2.5 Testing PDMS devices

To validate that the plate reader performed measurements at the right locations, the inlets of a
PDMS device were filled with 500 M L-Cystein in 0.1 M Tris buffer (pH 8.2), mixed with 1.9 mM
DTNB. Calibration curves were measured in duplo for both the 2 mm and 3 mm reservoir, using an
L-Cystein standard solution (15.625 to 1000 uM final concentrations) in 0.1 M Tris buffer (pH 8.2),
mixed with 1.9 mM DTNB in a 4.5:1 ratio. Results were compared with parallel measurements in
a 384 wells plate.

Plasma samples were centrifuged (10 min, 10 rcf), the supernatant was 1:4 diluted with 0.1
M Tris buffer (pH 8.2). The sample was split into two separate eppendorfs, to one eppendorf 1.9
mM DTNB was added in a 4.5:1 ratio (diluted plasma:DTNB). The other eppendorf served for
background measurements. Both samples were pipetted into the inlets connected to reservoirs,
each PDMS device containing both background and DTNB measurements for both 2 mm and 3
mm path length. Measurements were performed by placing the PDMS device in the chip holder
in the plate reader. The same plasma samples were simultaneously measured in a 384 wells plate.
Figure 10 shows the workflow schematically.

Addition of DTNE M
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—_— 3 —_— Pipette into microfluidic

asma separation | | 1:4 dilution device

Background

Figure 10: Workflow on-chip plasma measurements. Created with biorender.com

7.3 Validation

Results from both off-chip and on-chip measurements were analysed using Excel. To determine
the precision, both repeatability and reproducibility were expressed as intra-coefficient of variation
(CV) and inter-CV. The CV was calculated by dividing the standard deviation (SD) by the mean,
multiplied by 100. The intra-assay CV, variation within 1 plate, was calculated per triplo and an
average intra-CV per plate was calculated. Intra-CV’s below 10% are acceptable. The inter-CV,
the plate-to-plate variation, was calculated using the SD of plate means and the mean of plate
means. Inter-CV’s below 15% are generally acceptable. [69]

From the calibration curves, the LoD and the Limit of Quantification LoQ were calculated.
The LoD is defined as the lowest concentration of an analyte in a sample that can be consistently
detected with a stated probability of 95%. The LoD was calculated with the following formula
[70]:

LoD =332 (7)
a

Where o is the SD of the intercept and a the slope of the calibration curve. The LoQ is defined
as the lowest concentration of an analyte that is possible to be determined with an acceptable
precision and accuracy; the signal is statistically different from the background. The LoQ was
calculated with the following formula [70]:

LoQ =10+ (8)
a
The slope is calculated over the interval of 0-250 pM, the standard error (SE) of the intercept
is calculated over the interval of 0-500 pM. The SD of the intercept is calculated from the SE of

the intercept with the following equation: SD of intercept = SE of intercept * N, where N is
the number of tests. [71]
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7.4 Trigger Valves
7.4.1 Design Trigger Valves

Equation 4, from Chen et al. [59] was utilized to calculate the pressure barrier that is created at
the intersection of the narrow and the deep channel. An expansion angle 3 of 90 degrees is utilized,
therefore it can be stated that o, = 6. For this calculation, a surface tension of 72 mN/m is
assumed; the surface tension of water at 25 degrees. A contact angle of 31 degrees is assumed
between the liquid and the plasma treated PDMS. [60] When a width of 300 pm is chosen for the
narrow channel, a height of 1250 pm, 900 pm, 700 ym and 500 pm lead respectively to a pressure
barrier of 50 Pa, 70 Pa, 90 Pa and 126 Pa. However, this equation solely takes the horizontal
(width) expansion into account. In our design, an additional vertical (height) expansion will be
present. Therefore, these calculated pressure barriers are the minimal values, in our design they
will increase due to the two-level expansion.

To study the influence of the vertical expansion of the channel, four different trigger valve
structures were fabricated in one master mould (Fig. 11). Four different heights (h) of the narrow
channel were chosen; 1250 pm, 900 pm, 700 pm and 500 pm, corresponding to a difference in height
(Ah) of respectively 750 pm, 1100 pm, 1300 pm and 1500 pm. wq (300 pm) and wo (1000 pum) are
constant for all 4 trigger valves. The height of the deep channel, with which the narrow channel
intersects, is set to 2 mm. Detailed drawings of this master mould can be found in appendix F.

4

Figure 11: A) SolidWorks design of master mould B) focused on one trigger valve structure of
mould C) Zoom-in showing height (h), height difference (Ah) ,widths of the narrow channel, small
part (wp) and wider part (ws).

7.4.2 Fabrication Trigger Valves

Master Mould
A PMMA master mould was fabricated as described in section 7.2.4.

PDMS Devices

Fabrication of PDMS devices occurred as described in section 7.2.4. In addition to PDMS devices
sealed with a hydrophilic glass cover, PDMS layers were sealed with a hydrophobic PDMS cover.
This hydrophobic cover was created by coating a microscopic glass slide with PDMS and curing
it at 60 degrees for 45 minutes, after which the sticky PDMS layer was placed on the PDMS layer
containing the structures. Bonding was completed after 1.5 hour curing in 60 degrees. All in- and
outlets were punched using a 3 mm punch instead of 0.75 mm. Filter paper was added to the
outlet.

7.4.3 Testing of Trigger Valves

Images of the intersection of the narrow and deep channel were taken with the microscope (Leica
DM 6000M), to inspect if micro milling and PDMS replication is suitable for the development of
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these fine structures. The microscope was used to measure the difference in height between the
narrow and deep channel for all 4 designs.

Experiments were performed on the 4 different designs to determine which height differences
provide high success rates, for both the devices sealed with a hydrophobic and a hydrophilic cover.
Trigger valve success is defined as when a valve holds the liquid for at least 10 minutes without
leakage. The trigger valves were tested using aqueous food dye solutions. First, the narrow channel
was filled with a blue food dye. After 10 minutes, the deep channel was filled with a yellow food
dye, to observe if the blue liquid is triggered by the filling of the deep channel, allowing mixing.

7.5 On-chip mixing
7.5.1 Design Microfluidic Mixer

During the testing of the trigger valves, it was observed that microchannels were immediately filled
after pipetting the liquid into the inlet, indicating high fluid velocities. Furthermore, the liquid
in the channels and reservoirs turned green, indicating that mixing already took place over short
distances without incorporation of a mixer structure. Therefore it is assumed that the flow in
the microchannels has a moderate Reynolds number (> 40) and a serpentine mixer can be used.
However, it should be noted that this is an assumption and experiments should be performed to
assess the efficiency of the serpentine mixers.

A positive mould was designed using SolidWorks. The mould consists of 4 structures. All
structures contain a trigger valve with a narrow channel height of 500 pm, corresponding to a
height difference of 1500 pm. All deep channels have a width of 700 pm and a height of 2000
pm. On the left, two identical serpentine mixer structures are present (Fig. 12B), they contain 3
rectangular mixing elements that are located after the trigger valve. On the right part of the mould,
two straight channels with a total length of 16 mm are present. The bottom straight channel has
a staggered herringbone structure incorporated onto the deep channel (Fig. 12C). The grooves are
100 pm wide and 300 pum high. The longer leg of the groove spans two-third of the channel, the
shorter leg one-third. The angle between the short and long leg is 90 degrees. The mixer consists
of 4 sets of herringbone grooves, each set is followed by a complementary set mirrored across the
center line of the channel. 1 set consists of 6 herringbone grooves, with an inter-groove spacing of
160 pm. The distance between two sets is 600 pm. Drawings with dimensions of both structures
can be found in appendix G

Figure 12: A) 3D view in SolidWorks of master mould B) Zoom in on serpentine mixer C) Zoom-in
on staggered herringbone mixer.



7.5.2 Fabrication Mixer

Master Mould
A PMMA Master Mould was fabricated using micro milling as described in section 7.2.4.

PDMS Devices

Fabrication of PDMS devices occurred as described in section 7.2.4. Instead of a 0.75 mm punch,
a 3 mm punch was used to punch the in- and outlets. Filter paper was added to the outlet of the
device.

7.5.3 Testing of mixer

Images of the herringbone structures were taken using the microscope (Leica DM 6000M), to inspect
if micro milling and PDMS replication are a suitable approach for the fabrication of herringbone
grooves. A blue food dye was pipetted into the inlet of the narrow channel. After 10 minutes, a
yellow food dye was slowly pipetted into the inlet of the deep channel until the filter paper in the
outlet was reached. Pictures were taken of the PDMS device to assess the efficiency of mixing.
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8 Results & Discussion

8.1 Off-chip Method Validation
8.1.1 Standard Protocol DTNB

At the UMCG, serum and plasma samples were measured in triplo in 96 well plates. These

measurements gave an average intra-CV of 1.9%.

8.1.2 PBS Spiked with L-Cystein

The calculated free thiol levels of the serial diluted 1 mM L-Cystein in PBS for the volumes of 4
uL, 6 pL and 10 pL were compared to the expected concentrations. In the relevant range (125-1000
uM), the measured and expected concentrations were comparable; all differences were below 4%
for 6 pL and 10 pL and all below 6% for 4 uL. When calculating the SD and intra-CV, samples
with a concentration between 31.25 and 1000 pM were taken into account. Lower concentrations
have relative high variation and seem to be subject to noise and were therefore discarded. All
three volumes showed acceptable repeatability, as their intra-CV’s are far below 10% (Table 4).
Elaborate results can be found in appendix H.

Table 4: Standard Deviation (SD), Intra-Coefficient of Variation (Intra-CV), Limit of Detection
(LoD) and Limit of Quantification (LoQ) calculated for 4 pL, 6 pL and 10 pL PBS L-Cystein
spiked samples.

Sample Volume (1:4 diluted) | SD (uM) | Intra-CV (%) | LoD (uM) | LoQ (pM)
4 pL 8.87 2.74 19.4 58.8
6 uL 6.80 2.31 15 45.5
10 pL 6.88 2.75 10.9 33.2

Table 4 shows the LoD and LoQ that were calculated from the calibration curves measured per
sample volume. For all three sample volumes, the LoD and LoQ are far below the relevant range
of free thiol levels (200-800 pM). Therefore, all three volumes are used in the low plasma volume
experiments.

8.1.3 Low Plasma Volume

Plasma samples with a volume of 4 yL, 6 uL and 10 pL were 1:4 diluted in 0.1 M Tris (pH 8.2) and
measured in a 384 wells plate. The intra-CV’s were calculated, giving respectively 18.5%, 5.4% and
13.9%. 6 uL is the only sample volume with an acceptable intra-CV (below 10%), therefore this
sample volume was used for the experiment at larger scale. This increase in CV might be explained
due to the more complex composition of plasma when compared to PBS, containing many other
components which can absorb or scatter light. Elaborate results can be found in appendix I.

Table 5 shows the average concentration (uM), SD and intra-CV of the 8 plates used for the
detection of free thiol levels in 6 uL plasma samples. Intra-CV’s should be less than 10%, which
is the case for 7 out of 8 plates. The high intra-CV of plate 3 (12.7%) could be caused by a
pipetting error. At such low working volumes, pipetting errors or different shapes of fluid menisci
can greatly affect the measured concentration. The inter-CV is 10.5% (n==8). An inter-CV below
15% is generally acceptable, therefore from these results it is concluded that a plasma volume of
6 pL can reliably be used for the detection of free thiols using DTNB. All measurements were
performed on control plasma samples, provided by the UMCG. Samples were measured both at
the UMCG with the standard protocol and at the UT with the adjusted protocol. The average
concentration measured at UMCG was 329.9 uM, at the UT an average concentration of 354.7 uM
was found.

Table 5: Concentration (uM), standard deviation (SD) and intra-coefficient of variation (Intra-CV)
values of 8 well plates filled with 6 uL plasma, 1:4 diluted to 24 uL.

Plate 1 2 3 4 5 6 7 3
Concentration (uM) | 309 | 331 | 347 | 374 | 337 | 356 | 382 | 432
SD (uM) 132 | 53 | 44.1 | 16.2 | 19.2 | 9.1 | 26 2
Intra-CV (%) 43 |16 | 127 | 43 | 6.7 | 25 | 6.8 | 0.5
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8.1.4 Colorimetric Detection

The mean intensities calculated using ImageJ of the images of the wells were compared to the free
thiol levels calculated from the absorbance measurements. For the calibration curve, an increase
of intensity could be seen as the concentration increased. However, the relation was not linear.
The same applied for the 1:4 diluted calibration curve; the increase of intensity with relation
to the concentration was not linear. Six 6 pL. plasma samples were 1:4 diluted, the measured
concentration was plotted against the intensity found with ImageJ. No relation was found between
free thiol levels and intensity, showing that intensity measurements are not as accurate as the
absorbance measurements. Elaborate results can be found in appendix J.

8.2 On-chip Absorbance Measurements
8.2.1 Determination of path length

From absorbance values obtained with the water absorption experiments, the path length of the
sample could be calculated (for a sample of 6 uL):

J 0,088833 — 0,036
sample = (057474 — 0, 229938

* lem = 3.06mm

This value of 3.06 mm can still differ from the true path length, as the meniscus of diluted plasma
could differ from the meniscus of Tris buffer. Plasma path length cannot be determined with this
approach, as plasma also absorbs light at these wavelengths. Therefore a path length of 3.06 mm
was chosen for the design of the microfluidic device, as it is the best estimation.

8.2.2 Fabrication Devices

The master mould and chip holder were successfully fabricated using the micro mill. PDMS devices
were successfully replicated from the master mould. Figure 13 shows a PDMS device filled with blue
food dye. When the height did not match the height of the reservoirs, there was incomplete filling
of the reservoirs and often air bubbles were visible in the reservoirs. This problem did not occur
in the channels and reservoirs which height matched; complete filling of the reservoirs occurred
without any air bubble formation. Air bubbles greatly affect the absorbance measurements, as
they scatter light. Therefore, for all next measurements only reservoirs 1, 2, 5 and 6 were taken
into account. Reservoirs 3, 4 and 7 were not used in all following measurements.

Figure 13: Image taken of the PDMS device containing 7 reservoirs for absorbance measurements,
filled with blue food dye.
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8.2.3 Testing PDMS devices

The measurement of the same sample (500 uM L-Cystein in Tris mixed with DTNB), divided over
the reservoirs of the PDMS device, gave an intra-CV of 0.72%. This proves that the reservoirs are
located at the correct positions in the plate-reader and the chip holder can be used for on-chip
absorbance measurements.

Calibration Curve

Calibration curve measurements using the 2 and 3 mm reservoirs gave a linear relation between
concentration and absorbance. For the 3 mm reservoir a LoD of 40.9 uM and a LoQ of 123.9 uM
were calculated. For the 2 mm reservoir a LoD of 54.4 M and a LoQ of 164.9 uM were calculated.
For both path lengths the LoD and Lo(Q values are below the relevant range of free thiol levels
(200-800 pM). Therefore, both 2 and 3 mm reservoirs were used for plasma sample measurements.

Plasma samples

6 PDMS devices were filled with the same 1:4 diluted 6 uL plasma sample. Each PDMS device
contained a 2 mm and 3 mm reservoir filled with diluted plasma without DTNB (background) and
with DTNB. Background measurements were subtracted from the DTNB absorbance measure-
ments after which free thiol concentrations were calculated using the L-Cystein standard curve.
Table 6 shows the concentration, SD and inter-CV obtained using the PDMS devices compared to
the concentrations obtained using the 384 wells plate. Only of 4 PDMS devices the 2 mm reservoirs
could be filled, due to fabrication errors (e.g. rupture of PDMS).

Results show that on-chip absorbance measurements result in a lower inter-CV (1.9% & 4.2%)
compared to measurements performed in a 384 wells plate (6.24%). Elaborate results can be found
in appendix K. This difference in CV can be explained by the fact that the on-chip absorbance
is measured through a reservoir with constant path length. In the 384 wells plate, the shape
of the meniscus and variations in fluid positioning in the well can increase the variability of the
measurements. This variability is now eliminated due to a bordered detection reservoir with
constant path length.

The concentrations determined using the 3 mm reservoir (406 pM) are on average 1.02 times
higher than the concentrations determined using the 384 wells plate (396.6 uM), which is only a
slight difference. However, the concentrations determined using the 2 mm reservoir (441.9 pM)
are on average 1.11 times higher. This could be due to an error in the measurement of the
standard curve in the 2 mm reservoirs. Both standard curves have only been measured once in
the PDMS device, therefore an error in these experiments could have led to faulty concentration
determinations. Further tests should be performed measuring multiple standard curves, to see if
these values remain constant when measured on different days. Furthermore, the measurements
in 2 mm reservoirs were only performed on 4 PDMS devices. Ideally, this experiment should be
repeated using a higher number of PDMS devices. If a master mould is redesigned to contain only
2 mm reservoirs with 2 mm high channels, more samples can be tested within 1 PDMS device,
fastening the process. With the current design, only 2 measurements per path length can be
performed per PDMS device.

Table 6: Concentration (uM), Standard Deviation (SD) and Inter-Coefficient of Variability (Inter-
CV) values of free thiol determination in a 2 and 3 mm reservoir and in a 384 wells plate.

Concentration (uM) | SD (uM) | Inter-CV (%)
3 mm reservoir (n=6) 406 7.8 1.9
2 mm reservoir (n=4) 441.9 18.5 4.2
384 wells plate 396.6 24.8 6.24
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8.3 On-chip sample preparation
8.3.1 Trigger Valves

Characterization

Figure 14 shows the image taken with a microscope of the intersection of the narrow and the deep
channel, of the trigger valve with h = 1250 gm. Due to the use of the micro mill, the final structure
differs from the original design, as the edges are more rounded instead of sharp. This results in a
less sudden expansion, as the narrow channel already starts widening at the intersection.

The difference in height was determined for all 4 designs using the microscope. The height
differences measured were 818 ym, 1.14 mm, 1.24 mm and 1.47 mm, corresponding to the designed
height differences of 750 pm, 1.1 mm, 1.3 mm and 1.5 mm. Micro milling and PDMS replication of
the designs results in slight modifications of the dimensions when compared to the initial design.
However, all differences are below 100 pym. Slight differences were expected, as micro milling results
in more rough and layered channel walls when compared to e.g. clean room fabrication.

Figure 14: Optical microscope image of trigger valve intersection in PDMS device, at 2.5x magni-
fication.

Testing of Trigger Valves

Inlets of the narrow channels were filled with an excess of blue food dye (Fig 15A). The trigger
valves with a height difference of 1100 and 1500 pum had a success rate of 100% (n=8); none of the
valves showed any leakage of the blue food dye after 10 minutes. The trigger valves with a height
difference of 750 and 1100 pm showed a success rate of 87.5% (n=8). No differences were found
between PDMS devices with a hydrophobic or hydrophilic cover. The lower success rate of the
trigger valve with a height difference of 750 pm can be explained due to the fact that the lowest
pressure barrier is present at this intersection. The lower success rate of the trigger valve with a
height difference of 1100 pm is more difficult to understand, as you would expect that all trigger
valves with a height difference above a certain value would give a similar success rate. It could
be due to a fabrication error or if the liquid was inserted from a higher distance into the inlet,
generating a higher pressure.

After 10 minutes, the yellow food dye was pipetted into the inlet of the deep channel, triggering
the blue food dye in the narrow channel. Blue food dye entered the deep channel until the inlet
reservoir of the narrow channel was emptied. Emptying of the reservoir only occurred when a
filter paper was inserted into the outlet of the deep channel, therefore liquid actuation is needed
to induce emptying of the narrow channel. As you can see in figure 15B, the narrow channel itself
stays filled. Therefore, by filling the reservoir of the narrow channel with the amount of fluid you
want to mix with the fluid in the deep channel, you have control over the mixing ratio.

Figure 15: A) Narrow channel of two-level trigger valve is filled with blue food dye B) After 10
minutes, the deep channel is filled with yellow food dye, triggering the flow of the blue food dye.

30



8.3.2 Mixing

Characterization

As can be seen in figure 17A, the serpentine mixers (structures on the left) are not similar to
the SolidWorks design. The use of a micro mill in combination with too small distances between
the channels has probably led to fusion of the channels. The structures on the right, the straight
channels, look as expected. Figure 16 shows the image taken with a microscope of the herringbone
structure in PDMS, fabricated using the master mould (Fig. 12A). The structure shows no fabri-
cation errors, leading to the conclusion that micro milling of a master mould in combination with
PDMS replication can be used for the fabrication of herringbone structures at these dimensions.

Figure 16: Optical microscope image of herringbone structure in PDMS device, at 2.5x magnifica-
tion.

Testing of Mixing Structures

No leakage of the narrow channels was observed after filling with blue food dye (Fig 17A). After
10 minutes, yellow food dye was pipetted into the inlet of the deep channel. When yellow food dye
was pipetted into the two serpentine mixers, yellow food dye partly went into the narrow channel
containing the blue food dye. Only after reaching the filter paper in the outlet of the device,
emptying of the inlet of the narrow channel occurred. Therefore, this design is discarded. To see
if a serpentine mixer is suited for our device, a new master mould should be designed with larger
distances between the channels to ensure correct fabrication.

The right structures both contain a long straight channel, the bottom structure has a herring-
bone pattern incorporated onto this straight channel. When the yellow food dye was pipetted into
the inlet of the deep channel, the blue food dye entered the deep channel. However, as you can see
in figure 17B, also some yellow fluid mixes with the blue liquid in the narrow channel. However,
this is significantly less volume when compared with the serpentine mixers. There was clear mixing
of the yellow and blue liquid, as the liquid in the deep channel turned green. When the filter paper
was reached (Fig. 17C), the inlet of the narrow channel was fully emptied. No significant difference
between the two channels regarding mixing efficiency was observed, therefore it is concluded that
the current herringbone structure does not noticeably increase mixing efficiency. Mixing could be
further enhanced by increasing the dimensions of the staggered herringbone structure, resulting in
greater disruption of the laminar flow.

It was observed that mixing was most optimal when the yellow food dye was slowly pipetted
into the inlet of the deep channel. This is not expected, as higher velocities result in more turbulent
flow and increase mixing. However, a slow flow resulted in a more constant release of the blue food
dye from the narrow channel. When very high velocities were reached, yellow food dye entered the
narrow channel in some cases. Therefore, it could be beneficial if the diluted plasma enters the
deep channel at a lower velocity. This is difficult to control when manually pipetting the liquid
into the inlet. Furthermore, when manually pipetting the liquid into the inlet of the deep channel,
there will be no consistent flow, as it is difficult to exactly repeat the manual pipetting action. A
capillary pump can be designed to obtain a certain flow rate in the microchannels, as the flow rate
of a liquid in a capillary system is partly determined by the total flow resistance and the capillary
pressure in the capillary pump. [72] It could be interesting to look into the replacement of the filter
paper with a capillary pump to obtain a slower and pre-set flow rate in the deep channel. Other
studies [58] [73] designing microfluidic trigger valves also make use of capillary pumps to ensure
a continuous flow at a pre-determined flow rate. It should be noted that when the flow rate in
the channel decreases, Reynolds numbers also decrease, resulting in inefficiency of the serpentine
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mixer. Therefore, if this approach is taken, the herringbone structure would be more suited as
mixing structure.

Figure 17: A) Narrow channel is filled with blue food dye via inlet B) After 10 minutes, yellow
food dye is pipetted into the inlet of the deep channel C) The deep channel is completely filled.
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9 Future Outlook

First steps have been taken for the development of a microfluidic device for POCT of free thiol
levels in finger-prick blood. However, not all sample preparation steps are currently incorporated
into the design and a plate-reader is still used for the read-out of the PDMS device. Therefore,
more work needs to be done to obtain a fully POC device. In addition, further experiments need
to be performed to validate and optimize the current design.

9.1 Current Design

The inter-CV of the absorbance measurements on-chip (path length = 3 mm) have been calcu-
lated using 6 PDMS devices, all with one background and one DTNB measurement. The UMCG
normally utilizes a minimum of 10 separate assays for the determination of the precision. For the
reservoirs with a path length of 2 mm, only 4 PDMS devices have been measured. Therefore, a
larger scale experiment should be performed utilizing at least 10 separate PDMS devices to meet
the validation requirements of the UMCG.

For the calculation of the free thiol levels using on-chip absorbance measurement, a calibra-
tion curve measured on the PDMS device is used. Due to the PDMS device only containing 2
usable reservoirs per path length (3 mm and 2 mm), several PDMS devices were used to fabricate
this calibration curve. In the current protocol of the UMCG, on each individual wells plate a
calibration curve is added for the free thiol level calculations. In our case, a calibration curve
fabricated once using 8 PDMS devices is used for all further calculations. To test if this calibration
curve is reproducible, multiple calibration curves should be measured on different days. To enable
faster measurement of calibration curves, the current design could be adjusted to contain 7 usable
reservoirs with consistent path length.

The calculation of free thiols at a path length of 2 mm gives a higher value when compared to
measurements using a path length of 3 mm and the 384 wells plate. This could be due to an error
in the calibration curve measurement. Further experiments should be performed using the 2 mm
path length to see if this lower path length can be utilized, as it is beneficial to reduce the amount
of sample required.

The serpentine mixer was not correctly fabricated with the micro mill, probably due to too
small distances between the channels. The current design should be adjusted and fabricated, to
be able to test the efficiency of the serpentine mixer. If a capillary pump is incorporated into the
device with a low pre-set fluid velocity, the Reynolds number of the flow decreases as it becomes
more laminar. In this case, the serpentine mixer would not be efficient and this approach can be
discarded. The staggered herringbone mixer tested did not show a noticeable increase of mixing
efficiency. Enlargement of the groove dimensions could possibly increase mixing efficiency, as this
results in larger disruptions of the flow pattern.

The reservoir of the current design has a volume of 45.6 uL for a 3 mm path length and 30 uL
for a 2 mm path length. As finger-prick blood will ultimately be used as sample, it is desirable
to use a lower sample volume. The reservoir is designed to be slightly bigger than a well of a
384 wells plate, to correct for any alignment errors in the plate reader. The final microfluidic
device will not be measured using a plate reader, but with a small read-out device. When this
new read-out device is designed, a smaller read-out area would significantly reduce the amount
of sample required to fill the reservoir. Another approach to lower the required sample volume
is to miniaturize the microchannels connecting the inlets, the detection reservoir and the outlets.
Experiments can be performed to study if the length, height and the width of the microchannels
can be lowered without affecting the operation of the device.

In the current design, only one read-out reservoir for absorbance is present. For the detection of
free thiol levels, both a background measurement and a measurement after the addition of DTNB
are required. This shows that the design should be adjusted to incorporate 2 read-out areas for
absorbance; one before and one after the addition of DTNB. This should also be taken into account
when designing the read-out device.

9.2 On-chip Sample Preparation

To achieve a fully POC device, all sample preparation steps should be incorporated into the
microfluidic device. The current inlet sample is diluted plasma, however to achieve a sample-in-
answer-out device, the inlet sample should be whole finger-prick blood. The design of the device
should be adjusted to incorporate plasma separation and dilution.
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9.2.1 Plasma Dilution

For the incorporation of plasma dilution, the trigger valve and mixer component of the DTNB
mixing step could be re-used. However, this requires the user to manually add both the DTNB,
Tris buffer and finger-prick blood to the microfluidic device. This is not a difficult action, however
you want a POC device to have the least possible manual steps, as they also increase the chance
of wrong use and read-out of the device.

Reagent storage on-chip could reduce the amount of manual steps the user has to perform, in
this approach reagents are integrated into the microfluidic device during fabrication. A variety of
integration methods are used in literature, along with different approaches to release the pre-stored
liquid. However, when a liquid is pre-stored, often actions are required to release the liquid. These
actions can also be incorporated into the read-out device. For example, Chen et al. [74] pre-stores
liquids (buffers) in flexible pouches on the chip surface. These pouches are ruptured by a linear
motor with a plunger, releasing the liquid in a controlled manner. This release by rupture can also
be manually performed by the user, e.g. using a sharp device such as a needle. Smith et al. [75]
make use of blister pouches for reagent storage, again reagents can be released through manual
(pressing with a finger) or automated compression leading to rupture of the pouches. It should be
taken into account that pre-storage of liquids can increase the cost of the devices as it results in
a more complex fabrication process. [76] Furthermore, the material of the blisters/pouches should
be compatible with the liquid, to ensure a long shelf-life. [75]

9.2.2 Plasma Separation

In many microfluidic applications, plasma is the desired sample for biomarker measurements. The
standard separation process is centrifugation, which is performed using bulky centrifuges in the
laboratory. To enable on-chip plasma separation, multiple approaches have been explored in a
great number of studies, including both active and passive separation methods. For POC, passive
mechanisms are best suited, as they are easier to fabricate, user-friendly and do not require external
equipment. Passive separation mechanisms rely on microchannel geometry and hydrodynamic
forces.

It is important that the device ensures a short separation time, as long-time separation processes
increase the risk of coagulation of the whole blood sample. [77] Furthermore, the plasma sample
should have a high purity (> 99%) after separation, as other components of the whole blood could
interfere during absorbance measurements. High-throughput is also important, to ensure that the
required plasma volume is obtained from the whole blood sample. Plasma constitutes 55% of the
total blood volume, therefore an extraction of 55 pL plasma from 100 pL. whole blood would be
optimal.

Passive plasma separation techniques can be divided into two major categories; mechanisms which
make use of micro-filtration and mechanisms which do not. Micro-filtration approaches are often
categorized into 1) Weir-type filtration 2) Dead-end pillar filtration 3) Cross-flow filtration and 4)
Membrane filtration. Micro-filtration approaches often require dilution of the whole blood before
separation, as a high hematocrit leads to clogging of the structures. Of these approaches, micro-
filtration is the most popular in POC devices due to the least clogging issues. [78] Liu et al.
[79] and Gervais et al. [80] utilize a commercially available membrane for plasma separation; the
VividT™ Plasma Separation membrane. [81] This is a patented highly asymmetric membrane; the
cellular components are captured in larger pores whereas the plasma flows down into the smaller
pores on the downstream side of the membrane. Their website promises a 80% plasma yield within
2 minutes. However, Liu et al. report a yield of 12 pL plasma from 100 uL. whole blood within 10
minutes. Uniform contact between the membrane and the receiving matrix has to be ensured to
obtain plasma delivery. The underlying material must have enough capillary force to retrieve the
plasma from the membrane, Gervais et al. uses small microfluidic channels to create this capillary
pressure.

Passive separation without filtration makes use of 1) Curved Channels 2) Sedimentation 3)
Bifurcation Law or 4) Wettability control. Separation in curved channels is based on dean flow
fractionation; particles suspended in a microfluidic flow are sorted by their size due to centrifugal
forces. However, this approach is not suited for finger-prick volumes as larger channel dimensions
are required and whole blood needs to be diluted before separation. Sedimentation approaches are
based on gravity and density differences between plasma and blood cells. The biggest disadvantage
of sedimentation is the low separation velocity, however when using small sample volumes (e.g.
finger-prick blood), this is not a big issue. Sedimentation approaches can be combined with micro-
filtration structures to increase purity. [77] Maria et al. [82] and Forchelet et al. [83] both
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exploit sedimentation to obtain plasma separation from whole finger-prick blood samples, with a
purification efficiency of 99%. The bifurcation law, the Zweifach-Fung effect, describes a situation
in which blood flows through a bifurcating region; red blood cells will almost all flow into the
higher flow rate channel. This difference in flow rate can be obtained with a difference in diameter.
Yang et al. [84] makes use of a bifurcation region which separates whole blood at a yield of 15-25%
with a purity of 100%. Wettability gradients can also be used to provide a velocity gradient in the
blood flow, separating the plasma from the blood. However, compared to the other techniques,
separation time is long when using wettability gradients. In addition, surface modification makes
the fabrication process complex.

In conclusion, sedimentation (combined with micro-filtration) and the bifurcation effect are
most suited for plasma separation in our POC device; they can deal with undiluted whole blood
samples and high separation efficiencies are obtained without clogging of the separation structures.
The commercially available Vivid Plasma Separation Membrane could also be interesting to incor-
porate into our device, if a structure can be incorporated into the design to wick the plasma from
the membrane.

9.3 Read-out Device

Current absorbance measurements are performed using the chip holder and the plate reader. How-
ever, a plate-reader is a bulky device which is not suited for POCT. To enable a POC read-out
of the microfluidic device, a device should be developed for the absorbance measurements. This
read-out device should be user-friendly, portable and reusable. It should have a cut-out where the
microfluidic chip can be easily inserted after which it is automatically aligned with the light source
and detector.

Optical fibers could be used to perform absorbance measurements, however alignment can be
an issue, as precise alignment is required to ensure optical coupling. Furthermore, light from
optical fibers is highly divergent, therefore both fibers need to be very close to yield sufficient
irradiance. Lenses can be used to overcome this challenge, however it could still remain a challenge
to work over a distance of 3 mm. Another option would be the use of LEDs as a light source in
combination with a light detector, examples of detectors are photodiodes, light dependent resistors
and phototransistors. [85] Flores et al. [86] created a plastic structure for the optical read-out of
microfluidic devices, consisting of LEDs aligned with a photo transistor. Gao et al. [87] fabricated
a portable system for absorption photometry consisting of a LED and photodiode detector.

9.4 Sample collection

Multiple devices are commercially available for the collection of finger-prick blood. A finger
stick/lancet is frequently used to punch a small hole in the skin of the finger. This blood can
then directly be placed on the inlet of the microfluidic device. However, this can also be done
using a blood collection device, ensuring efficient and drip-free blood transfer to the inlet. Sarstedt
has designed the Minivette; a blood collection device especially designed for POC applications.
After punching a small hole in the skin using a finger stick/lancet, the Minivette tip is placed
on the hole (Fig 18-1) and the blood is collected by capillary action (Fig 18-2). After collection
of the finger-prick blood, the piston of the device is used to dispense the blood sample into the
inlet (Fig 18-3), enabling precise dispensing of small whole blood volumes. This device ensures
hygienic and secure sample transfer, preventing spillage. Furthermore, the collection tube can be
coated with anti-coagulant reagents such as heparin and EDTA. This can be beneficial when blood
clotting occurs during plasma separation. The Minivette POCT is available in a range of 10-200
pL volumes. [88]

Figure 18: Use of Minivette for finger-prick blood collection. Reprinted from [88]
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10 Conclusion

During this thesis, first steps were taken towards the design and fabrication of a microfluidic device
for POCT of free thiol levels in plasma. The current protocol utilizing DTNB for free thiol detection
was successfully adjusted to lower plasma volumes (6 pL). An inter-CV of 10.5% shows that this
method has acceptable repeatability. Next, steps were taken to incorporate the last two steps
of this protocol into a microfluidic device; mixing of diluted plasma with DTNB and absorbance
measurements.

A chip holder and PDMS device were designed, allowing on-chip absorbance measurements.
Experiments showed that on-chip absorbance measurements show lower variation when compared
to similar measurements in a 384 wells plate. Trigger valves were designed and fabricated, the
valves with a height difference of 1100 and 1500 pm had a success rate of 100%: liquid in the
narrow channel was stopped for at least 10 minutes. A herringbone mixer structure was fabricated
using micro milling of a master mould and PDMS replication. No noticeable effect on mixing
efficiency was seen.

Further steps need to be taken to develop a POC device for free thiol detection in finger-
prick blood. Currently, the inlet sample is diluted plasma, where this should be whole blood.
Plasma separation and dilution need to be incorporated into the current design. Further research
will mainly focus on the design of these two sample preparation steps, in addition to further
optimization of the current design.
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Appendix

A Abstract Submitted to Redox Conference

DESIGN OF A MICROFLUIDIC DEVICE FOR POINT-OF-CARE TESTING OF
FREE THIOL LEVELS IN PLASMA

HAMMINK, Esmay, VAN GOOR, Harry, BOURGONJE, Arno, MULLER KOBOLD, Anneke,
GORDIJN, Sanne, SEGERINK, Loes

Introduction: Plasma free thiol levels reliably reflect the redox status, as the sulfhydryl group
(R-SH) is readily oxidized by oxidants. Studies have shown the potential of plasma free thiol levels
as biomarker in various conditions, such as inflammatory bowel diseasel. Current detection of free
thiols is time-consuming and laborious. Here we developed a microfluidic device for point-of-care
detection of free thiols using finger-prick blood.

Materials & Methods: The standard protocol for free thiol detection with DTNB described
by Ellman was adjusted and applied to lower volume samples. A PMMA master mold was fabri-
cated using micro milling for the replication of PDMS microfluidic devices, on which absorbance
measurements were performed.

Results: Free thiol measurements on 6 pL of plasma resulted in an inter-CV <5% and an intra-CV
<11% (n=8). On-chip absorbance measurements resulted in an intra-CV <4% (n=6), determined
concentrations were comparable to the values obtained with the current method (average factor of
1.03).

Conclusion: Our results show the promising potential of microfluidic devices for the rapid de-
termination of free thiol levels in small volume plasma samples. To achieve point-of-care testing,
further sample preparation steps need to be integrated on the microfluidic device; mixing, plasma
separation and dilution.
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Protocol UMCG; colorimetric detection of free thiol groups

Specifications of reagents used:

Chemicals | CAS-Nummer | Sigma Aldrich
L-Cystein 77-86-1 Merck
Tris 77-86-1 Merck
EDTA 60-00-4 Serva,

DTNB 69-78-3 Sigma Aldrich
K2HPO4 7758-11-04 Merck
KH2PO4 T778-77-0 Merck

The protocol for the detection of free thiol groups as currently used at the UMCG:

1.
2.

C

Spin plasma samples (10 min at 10 rcf), dilute 1:4 with 0.1 M Tris buffer (pH 8.2) (Merck)

Prepare fresh 10 mM L-Cystein to make calibration curve. For plasma: 15.625 to 1000 pM
final concentration.

Add 90 uL diluted sample or standard in triplicates to flat bottom 96 well plate (Costar)
Measure background absorption at 412 nm, reference 630 nm

Add 20 pL 1.9 mM DTNB in phosphate buffer (0.1 M, pH 7)

Incubate 20 minutes at room temperature, in the dark.

Measure absorption at 412 nm, reference 630 nm

Determine concentration of samples using the L-Cystein standard solution.

Adjusted Protocol Lower Sample Volume

The protocol for the detection of free thiol groups, adjusted to lower sample volumes:

1.
2.

Spin plasma samples (10 min at 10 rcf), dilute 1:4 with 0.1 M Tris buffer (pH 8.2) (Merck)

Prepare fresh 10 mM L-Cystein to make calibration curve. For plasma: 15.625 to 1000 uM
final concentration.

Add 16, 24 and 40 pL diluted sample or standard in triplicates to flat bottom 96 well plate
(Costar)

Measure background absorption at 412 nm, reference 630 nm

Add 3.5 pL, 5.3 pL and 8.9 pL 1.9 mM DTNB in phosphate buffer (0.1 M, pH 7) respectively
to the 16, 24 and 40 pL samples.

Incubate 20 minutes at room temperature, in the dark.
Measure absorption at 412 nm, reference 630 nm

Determine concentration of samples using the L-Cystein standard solution.
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D Chip Holder
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Figure D.1: Drawing of chip holder, top view
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Figure D.2: Drawing of chip holder, side view
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E Initial Design On-chip Absorbance

Initial design of positive mould for microfluidic device fabrication consisted of an inlet, channel
and reservoir for absorbance measurements. The shape of the 384 wells can be best described
as an inverted truncated pyramid. However, the reservoir of this microfluidic device is designed
cuboidal, due to easier fabrication. The dimensions of the reservoir are 3.45 mm x 3.45 mm, as
this is the width of the microwell at the height of 3.06 mm. This is calculated with the formula
for a truncated pyramid:

1
Vzg*h*(a2+b2+ab)

Where V is the volume (mm?), h is the height (um), a is the side length of the small base and b
is the side length of the large base (um). The channel has a length of 4 mm, height of 1 mm and
a width of 700 ym. The inlet has a diameter of 1.5 mm.

Figure E.1: 3D View of Initial Design of Chip

Filling of the reservoirs was only possible when an air outlet was punched close to the reservoir.
Still, filling of the reservoir resulted in the presence of air bubbles in the reservoir, affecting the
absorbance measurements. Furthermore, the inlet diameter of 1.5 mm is too big for a micro pipette
tip. Based on these findings, the following adjustments were made to the design:

e Inlet diameter is decreased to 0.75 mm.

e Various channel heights are incorporated in the design, to study the effect of the channel
height on bubble formation.

Cuboid reservoirs are transformed to cylindrical reservoirs.

An outlet is added to the design.

e Reservoirs with a height of 2 mm are added, to see if reduction of path length is feasible.
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F Trigger Valves

Figure F.1: Drawing in SolidWorks of Master Mould containing trigger valve structures
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Figure F.2: Drawing in SolidWorks of Zoom-in on Master Mould containing trigger valve structures
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G Microfluidic Mixer

4,31

Figure G.1: Drawing in SolidWorks of Serpentine Mixer

Figure G.2: Drawing in SolidWorks of Staggered Herringbone Mixer
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Figure G.3: Drawing in SolidWorks of Staggered Herringbone Mixer, zoomed in on herringbone
grooves
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H Experiments PBS Spiked with L-cysteine

Table H.1: Overall results for the determination of free thiol levels in 4 uL of PBS spiked with 1
mM L-cysteine, 1:4 diluted in 0.1 M Tris buffer (pH 8.2) to 16 uL, showing average concentration

(M), standard deviation (SD), intra-coefficient of variation (CV) and single values (uM).

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single values (uM)

0 16.2 15.2 93.8 19.4 32.9 -3.8
15.625 21.8 0.2 1.0 221 21.6 22.7
31.25 99.0 1.7 3.0 96.5 99.8 60.5

62.5 66.8 2.7 4.0 66.0 64.0 70.4

125 126.7 1.7 1.4 128.8 126.8 124.6
250 248.6 8.4 3.4 252.1 237.1 256.7
500 515.7 11.4 2.2 531.6 510.1 505.3
1000 1068.4 27.3 2.6 1059.1 1105.5 | 1040.6

Table H.2: Overall results for the determination of free thiol levels in 6 uL of PBS spiked with 1
mM L-Cystein, 1:4 diluted in 0.1 M Tris buffer (pH 8.2) to 24 uL, showing average concentration

(uM), standard deviation (SD), intra-coefficient of variation (CV) and single values (uM).

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single values (M)

0 24.2 1.9 7.6 21.6 25.8 25.2
15.625 27.3 0.8 2.9 26.5 28.1 27.0
31.25 65.4 2.3 3.4 62.9 65.0 68.3

62.5 73.8 2.5 3.4 75.4 70.2 75.7
125 130.1 1.9 1.5 132.1 130.6 | 127.5
250 245.5 2.2 0.9 248.0 246.0 | 242.7
500 492.4 14.4 2.9 512.7 483.0 | 481.6
1000 998.4 17.6 1.8 990.8 1022.7 | 981.7

Table H.3: Overall results for the determination of free thiol levels in 10 pL of PBS spiked with 1
mM L-Cystein, 1:4 diluted in 0.1 M Tris buffer (pH 8.2) to 40 uL, showing average concentration
(uM), standard deviation (SD), intra-coefficient of variation (CV) and single values (uM).

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single values (M)

0 11.5 1.1 9.8 12.8 11.8 10.0
15.625 13.6 2.9 21.0 10.8 16.5 15.0
31.25 56.6 3.5 6.2 61.2 52.8 55.8

62.5 62.1 1.6 2.6 64.2 61.9 60.3

125 124.5 2.6 2.1 127.8 124.3 121.5
250 252.6 6.2 2.4 261.4 248.1 248.4
500 509.2 5.6 1.1 517.1 504.5 | 506.0
1000 1037.1 21.8 21 1058.2 1045.9 | 1007.0
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I Experiments Low Volumes Plasma

Table I.1: Concentration (uM), standard deviation (SD), coefficient of variation (CV) and single
values of free thiol detection in 4 pl of plasma.

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single Values (uM)
1 363.8 27.3 7.5 341.5 366.0 | 383.7
2 354.4 4.6 1.3 349.7 359.0 | 412.6
3 349.9 29.9 8.6 391.8 333.8 | 324.0
4 336.3 14.4 4.3 341.6 350.8 | 316.6

Table 1.2: Concentration (uM), standard deviation (SD), coefficient of variation (CV) and single
values of free thiol detection in 6 pL of plasma.

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single Values (M)
1 363.8 27.3 7.5 341.5 366.0 | 383.7
2 354.5 4.6 1.3 349.7 358.0 | 412.6
3 349.9 29.9 8.6 391.8 333.8 | 324.0
4 336.3 14.4 4.3 341.6 350.8 | 316.6

Table 1.3: Concentration (M), standard deviation (SD), coefficient of variation (CV) and single
values of free thiol detection in 10 uL of plasma.

Sample name | Concentration (uM) | SD (uM) | CV (%) | Single Values (uM)
1 269.1 42.6 15.8 211.3 312.7 | 283.2
2 286.5 34.9 12.2 251.7 312.4 | 312.6
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J Colorimetric Detection
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Figure J.1: Mean intensity measured using imageJ, plotted against the detected free thiol concen-
tration (uM) for a calibration curve of serially diluted 1 mM L-cystein in 0.1 M Tris (pH 8.2)

20.000
80.000
70.000
60.000
50.000

40.000

Mean Intensity

30.000
20.000

10.000

0 100 200 300 400 500 600
-10.000
Concentration (uM)

Figure J.2: Mean intensity measured using imageJ, plotted against the detected free thiol concen-
tration (uM) for a 1:4 diluted calibration curve of serially diluted 1 mM L-cystein in 0.1 M Tris
(pH 8.2)
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Figure J.3: Mean intensity measured using imageJ, plotted against the detected free thiol concen-
tration (uM) for 1:4 diluted plasma samples
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K Plasma Experiments On-chip

Table K.1: Free thiol concentrations (M) measured in the 3 mm reservoir of the PDMS device,

with calculated average concentration (M), standard deviation (SD) and coefficient of variation
(CV).

Sample name Concentration (uM)

1 391.9

2 407.1

3 417.3

4 403.0

5 411.1

6 407.0

Av. Concentration (uM) 406.2
SD (M) 7.8
CV (%) 1.9

Table K.2: Free thiol concentrations (M) measured in the 2 mm reservoir of the PDMS device,

with calculated average concentration (uM), standard deviation (SD) and coefficient of variation
(CV).

Sample name Concentration (uM)
1 464.7
2 446.9
3 413.2
4 443.0
Av. Concentration (uM) 441.9
SD (pM) 185
CV (%) 4.2

Table K.3: Free thiol concentrations (¢M) measured in the 384 wells plate, with calculated average
concentration (uM), standard deviation (SD) and coefficient of variation (CV).

Sample name Concentration (uM)
1 384.9
2 358.3
3 394.4
4 415.2
5 430.0
Av. Concentration (uM) 396.5
SD (uM) 247
CV (%) 6.2
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